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Abstract
Extensive calculations of properties of supernova matter are presented, using
the extended Nuclear Statistical Equilibrium model of Ref. [1] based on a
statistical distribution of Wigner-Seitz cells modeled using realistic nuclear
mass and level density tables, complemented with a non-relativistic Skyrme
functional for unbound particles and beyond drip-line nuclei. Both thermo-
dynamic quantities and matter composition are examined as a function of
baryonic density, temperature, and proton fraction, within a large domain
adapted for applications in supernova simulations. The results are also pro-
vided in the form of a table, with grid mesh and format compatible with
the CompOSE platform [2] for direct use in supernova simulations. Detailed
comparisons are also presented with other existing databases, all based on
relativistic mean-field functionals, and the differences between the different
models are outlined. We show that the strongest impact on the predictions
is due to the different hypotheses used to define the cluster functional and
its modifications due to the presence of a nuclear medium.
Keywords: equation of state at sub-saturation densities, nuclear statistical
equilibrium, core-collapse supernova
1. Introduction
During the in-fall and post bounce stages of the core collapse evolution of
massive stars huge domains of density, temperature and charge fraction are
explored. Matter consists of baryons, leptons (electrons, positrons, neutrinos
and antineutrinos) and photons, and it has a homogeneous/unhomogeneous
structure at supra-/sub-saturation densities. Leptons and photons interact
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weakly and are customarily treated as ideal Fermi and, respectively, Bose
gases [3]. Composition and thermodynamics of baryonic matter, generically
called equation of state (EoS), is still a matter of research. The reasons rely
on both uncertainties related to the effective interactions and difficulties in
the modelling. The core-collapse supernova dynamics does not only depend
on the EoS, but also, and more importantly, on the progenitor models, on
the weak interaction rates (electron capture, β-decay and neutrino absorp-
tion and scattering), and on the modelling of neutrino transport; however
all these different aspects are closely inter-correlated, and a reliable mod-
elling of matter composition is very important to limit the propagation of
uncertainties.
Because of the complexity of core-collapse supernova dynamics [4], which
requires full relativistic hydrodynamics in three dimensions to be coupled
with a complete solution of the Boltzmann equation for neutrino transport,
energetics and composition of nuclear matter is implemented via external
tables covering within a small mesh the huge ranges of thermodynamic con-
ditions explored during the astrophysical evolution. In this way the coupling
of very different length scales is avoided and the sensitivity studies on the
different ingredients is much simplified.
The first and so far most intensively used equation of state (EoS) models
employed simplifying hypothesis on matter composition at densities below
the saturation density of symmetric nuclear matter. Indeed, the Single Nu-
cleus Approximation (SNA) on which Refs. [3, 5, 6, 7] rely, assumes that
nuclear matter consists of a homogeneous gas of self-interacting neutrons
and protons, a free gas of alpha particles, and a unique cluster of nucleons,
all of which in thermal, strong, but not necessarily weak equilibrium. It is
analogous to the one-component plasma (OCP) description of the catalyzed
crust of neutron stars [8], that relies on the energy minimization condition
within a solid lattice structure. The nuclear cluster treatment, realized either
within the Compressible Liquid Drop Model (CLDM) [3, 5] or the Thomas
Fermi (TF) approximation [6, 7], allowed to account for in-medium modifi-
cations. Coherent use of the same energy density functional for the unbound
nucleon gas and the cluster warranted a correct treatment of the transition
between unhomogeneous and homogeneous matter, taking place at densities
slightly lower than the saturation density, and made possible the first studies
on the interplay between star matter EoS and EoS of nuclear matter. It also
allows, at least in principle, to encode in this modelling any recent devel-
opment of effective interactions coming from experimental measurements or
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ab-initio modelling.
The limit of this approach comes from the fact that most of the time,
according to collapse simulations, temperatures are above the crystallization
temperature and the minimization of the thermodynamic potential naturally
leads to a whole distribution of different nuclear species. The increasing im-
portance of the distribution of nuclear clusters as the temperature increases
was acknowledged for the first time in Ref. [3], where approximate formu-
las have been proposed. The limitations related to SNA have been recently
addressed in Refs. [1, 9]. Ref. [9] showed that the cluster distributions can
be approximated by the most probable nucleus only when they are close to
a Gaussian, as it comes out to be the case when one adopts, for the cluster
energy functional, a smooth and continuous function [10]. However, due to
the nuclear shell effects, the nuclear free energy is strongly discontinuous up
to temperatures of the order of a few MeV. Under a wide range of thermody-
namic conditions, competition between neutron and proton magic numbers
leads to multi-modal cluster distributions and, thus, a composition that is
very different from the one predicted by the SNA [9]. While this was argued
to only marginally affect the EoS [11], important effects on the electron cap-
ture (EC) rates were reported [12, 13, 14, 15]. They are obviously due to
the nuclear structure dependence of the weak interaction rates. Considering
that EC rates determine the deleptonization dynamics and the global neu-
trino production [16, 17, 18, 19, 20, 21], it is easy to understand that it is of
key importance to account for realistic nuclear distributions.
SNA-related drawbacks can be overcome within the Nuclear Statistical
Equilibrium (NSE) approach [22], valid at T & 0.5 MeV. In the recent years
a number of improved EoS models including the full nuclear distribution has
started to become available [23, 24, 10, 25, 26, 27, 28, 29, 30, 1, 31, 32].
Hybrid EoS models that combine, over complementary density-temperature
domains, SNA and NSE have been proposed as well [33, 34] and their EoS
tables are publicly available. At variance with the original NSE [22] model
based of the solution of the Saha equations, the recently proposed extended
NSE models effectively account for nuclear interactions among the unbound
nucleons as well as interactions between the unbound nucleons and nuclei.
The interaction among the unbound nucleons is accounted for by the em-
ployed energy density functional. The interaction between the unbound
nucleons and the nuclei is mimicked via the classical excluded volume ap-
proximation, which prevents different species to occupy the same volume.
This excluded volume formalism extends to a nuclear distribution the treat-
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ment which is employed within the SNA treatment. The effective nuclear
interaction being still largely unknown in dense and strongly isospin asym-
metric matter, the proposed models span different behaviors in both isoscalar
and isovector channel. In addition to this, differences in cluster modelling
lead to some model dependence [35], especially in what regards the chemical
composition and the transition to uniform matter. The impact the nuclear
EoS has on collapse evolution can only be assessed by performing simulations
[28, 13, 32, 34]. To this aim a sufficiently large number of EoS tables have
to be available.
To contribute to this collective effort of the nuclear astrophysics commu-
nity, in this paper we present complete EoS tables from the extended NSE
model of ref. [1]. This table, where the energy functional is taken from
Skyrme interactions, can be considered as complementary to the existing
NSE models which employ relativistic mean field (RMF) parametrizations.
Indeed it is well known that relativistic (RMF) and non-relativistic (Skyrme)
functionals do not cover the same range of empirical EoS parameters [36].
Apart from the choice of the energy functional, other more technical differ-
ences exist among the different models, essentially concerning the treatment
of clusters which, even if the functional was perfectly known, remains a com-
plex many-body problem only solved within strong approximations [35]. In
the next sections, the different ingredients of the model that can lead to
model dependencies are explained in detail, and a throughout comparison is
presented with other EoS tables available in the literature.
As a general result, we observe a good agreement on the different ther-
modynamic quantities despite considerable differences in the composition.
We conclude that the EoS uncertainties in supernova modelling essentially
concern the approximations of the many-body treatment of nuclear clusters
embedded in a nuclear medium, much more than the present uncertainties
in the nuclear energy functional.
2. The model
The extended NSE model was initially proposed in Ref. [24] and sub-
sequently developed in Refs. [37, 1]. Applications on core collapse have
been presented in Refs. [14, 21]. The basic idea of the grand-canonical ver-
sion of the model [1], used for the generation of the present tables, is to
replace the NSE distribution of non-interacting nuclei with a distribution
of non-interacting Wigner-Seitz (WS) cells, with appropriate boundary con-
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ditions. The distribution of clusters is then obtained by factorizing out of
the total partition sum the free nucleon contribution, which is treated as a
self-interacting homogeneous gas in the mean-field approximation.
This main simplifying hypothesis of non-interacting WS cells, which is
shared with all EoS models we are aware of, means that nuclear and, more
important, Coulomb interactions among clusters are completely disregarded.
The use of Wigner-Seitz cells as degrees of freedom guarantees that the cor-
rect zero temperature limit is properly recovered [1], that is that the predic-
tions of the extended NSE coincide with the standard minimization of the
energy density in the limit of vanishing temperature. Also, this formalism
guarantees that the most probable cluster of the distribution exactly coin-
cides with the unique cluster of the SNA approximation. Thus, under the
thermodynamic conditions where the SNA approximation is justified, our ap-
proach naturally converges to the SNA thus avoiding possible discontinuities
when different regimes are matched [34]. Within this statistical treatment,
the possible model dependence is uniquely due to the expression employed
for the free energy of a WS cell, the other equations resulting by general
statistical mechanics expressions. The expression of the free energy of a WS
cell requires a choice for the energy functional and contains different approx-
imations, which sometimes involve a certain degree of arbitrariness. These
approximations are explained in details in this section.
The general derivation of the formalism and the main equations can be
found in Refs. [37, 1]. Since modifications and improvements were added
during the years, in this section we briefly recall all the main ingredients
which are used in the present version of the code.
2.1. From distribution of WS cells to distribution of clusters
The main hypothesis of all extended NSE models including ours is the
absence of nuclear and Coulomb interactions among the different clusters. In
this hypothesis, the system in a given thermodynamic condition (nB, T, Yp)
can be viewed as a collection of non-interacting Wigner-Seitz cells, defined as
electrically neutral volumes centered on each cluster. Each Wigner-Seitz cell
(i) contains a single cluster and is characterized by a baryon number Ai and
atomic number Zi. Because of the boundary conditions, the densities of free
electrons (ne) and unbound protons (ngp) and neutrons (ngn) in the different
cells are the same. The cell volume is given by the neutrality condition, Vi =
Zi/ne. The total Helmholtz free-energy of the system in a given configuration
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k is given by:
Ftot(nB, T, Yp) =
∑
i
nki Fi, (1)
where nki is the number of occurrences of the cell i in the total volume for the
configuration k, and Fi is the free energy of the cell. The grand-canonical
partition sum is computed as:
Zβ,µn,µp =
∑
k
exp
(
−β
∑
i
nki (Fi − µnNi − µpZi)
)
, (2)
where the sum extends to all possible configurations (or microstates, in sta-
tistical mechanics language) and the usual notation β = 1/kBT is used. The
cell free energy Fi depends on the variables of the cell Ai, Zi, Vi but also
on the densities of the unbound particles ne, ngn,ngp which are common to
all cells. These quantities are implicitly dependent on the occupations nki
through the conservation laws valid for each configuration k:
nB =
1
Vtot
∑
i
nkiAi, (3)
YpnB =
1
Vtot
∑
i
nkiZi = ne. (4)
For this reason, additional rearrangement terms arise, and the free energy
appearing in the probability distributions is given by Fi+ ∂Fi/∂ni|nj . These
rearrangement terms amount to shift the chemical potentials with respect to
the free system value [1, 9]. We account for the shift which is trivially due
to mass conservation, as it is shown below. This same shift appears in the
Hempel and Schaffner-Bielich formalism [25] through the excluded volume
correction implemented by those authors. In principle, extra rearrangement
terms should arise from the explicit density dependence of the cluster func-
tional due to electron polarization effects. To our knowledge, these effects
are neglected in all NSE models, including ours.
The cell free energy is rearranged such as to sort out the contribution of
a uniform gas of unbound particles as:
Fi−µnNi−µpZi = F (e)i −µ(e)i +Vi (fHM − µnngn − µpngp + fe − µene) . (5)
Here, fe(ne) is the free energy density of an ideal gas of electrons, µe =
∂fe/∂ne and fHM (ngn, ngp) is the free energy density of homogeneous nu-
clear matter. Their respective expressions are given by Refs. [38, 5] and
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the standard density functional theory [39]. For all the numerical applica-
tions presented in this paper and in the associated tables, the Skyrme SLy4
functional [40] is used, which provides a good description of binding energies
and radii of atomic nuclei as well as pure neutron matter as calculated by
ab-initio models. Equation (5) defines the in-medium modified free energies
F
(e)
i and chemical potentials µ
(e)
i of the clusters, whose expressions are given
in the next section. The introduction of G
(e)
i = F
(e)
i − µ(e)i allows factorizing
the partition sum as:
Zβ,µn,µp = (zezHM )
Vtot Zclβ,µn,µp, (6)
with standard notations for the homogeneous components partition sums,
−kBT ln zHM = fHM − µnngn − µpngp, −kBT ln ze = fe − µene. The cluster
partition sum comes out to be identical to the one of the Fisher cluster model
[41], where however the vacuum expression for the cluster Gibbs energy is
replaced by the in-medium modified one (here noted by the superscript (e))
[1],
Zclβ,µn,µp =
∏
i
∞∑
m=0
[
exp
[
−βG(e)i
]]m
m!
=
∏
i
expωβ,µn,µp(i), (7)
with ωβ,µn,µp(i) = exp
[
−βG(e)i
]
. The statistical average prediction for the
number of occurrences of the cell i is then given by:
〈ni〉 =
∂Zclβ,µn,µp
∂ (βµi)
= ωβ,µn,µp(i). (8)
A given thermodynamic condition in the grand-canonical ensemble (β, µn, µp)
is associated to well defined values of the unbound components densities nq
(q = gn, gp, e) as nq = kBT∂ ln zq/ lnµq. Therefore at a given thermodynamic
condition there is a one-to-one correspondence between a WS cell i and the
cluster species (A,Z) which is present in that cell, implicitly defined by eq.(5).
This finally gives the cluster distribution as:
pi =
exp
(
−βG(e)i
)
∑
i exp
(
−βG(e)i
) . (9)
The extended NSE numerical code then consists in the self-consistent so-
lution, for a given input set (T, nB, Yp), of the coupled equations 〈V 〉nB =∑
i piAi, 〈V 〉YpnB =
∑
i piZi, where pi is given by eq. (9).
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2.2. The WS free energy and the definition of e-clusters
Let us consider a WS cell of volume V composed of a dense component
(or ”cluster”) of atomic and mass number Ar, Zr, and a uniform density of
unbound protons ngp, neutrons ngn and electrons ne. The free energy of the
cell is given by
F = Evac(Ar, Zr)− TSvac(Ar, Zr) (10)
+ (V − V0)fHM (ngp, ngn) + δEsurf + δECoul + V fe(ne),
where Evac(Svac) is the vacuum energy (entropy) of the cluster, V0 is the
cluster volume related to the average cluster density n0 by V0 = Ar/n0, δECoul
is the electron-electron and electron-cluster Coulomb interaction energy and
δEsurf is the modification of the cluster surface energy due to the interaction
with the external gas. The reduced volume (V − V0) available to the unbound
component accounts for the excluded volume effect [25] and is sometimes
referred to as ”coexisting phase approximation” [42, 43].
To achieve the decomposition of eq.(5) we write:
F = E(e) − TS(e) + V (fHM + fe) , (11)
A = Ae + (ngp + ngn)V (12)
Z = Ze + ngpV (13)
where Ae(Ze) represent the number of bound nucleons (protons), and F
(e) =
E(e) − TS(e) gives the cluster free energy, modified by the interactions with
the unbound nucleons and electrons.
The cluster chemical potential appearing in eq.(5) is thus given by
µi = µpZi,e + µn(Ai,e − Zi,e) (14)
We can see from eq.(9) that the equilibrium abundances do not depend
on the baryonic and atomic number of the dense component Ar, Zr, but
only on its bound part, or ”e-cluster” [44], given by the left over part of the
cluster after subtracting the contribution of the nucleons of the gas they are
embedded in [44],
Ae = Ar
(
1− ng
n0
)
, Ze = Zr
(
1− ngp
n0p
)
, (15)
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where n0 (n0p) is the bulk total (proton) density of the cluster. Comparing
eq.(5) and eq.(11) we get for the in-medium modified energy:
Ee = Evac + δEbulk + δECoul + δEsurf , (16)
where δEbulk = −ǫHM Arn0 and ǫHM(ngn, ngp) is the energy density of the nu-
cleons in the gas.
We can see that a bulk nuclear energy shift naturally arises from the
factorization condition of the partition sum eq. (6). This shift is due to
the excluded volume appearing in eq. (11), but it can also be physically
interpreted as a Pauli blocking shift in the Thomas-Fermi approximation [45,
46]: if we consider that the continuum single particle states of the cluster can
be approximated by plane waves, such states are occupied by the unbound
component and must therefore be excluded in the energy evaluation of the
cluster. This approximation to the Pauli-blocking energy shift is only justified
for heavy clusters, while the shifts should be calculated microscopically in the
case of light particles [45]. Such microscopic shifts are included for deuterons,
tritons, helions and α particles in the NSE model by Furusawa et al. [27, 30,
31, 32]. A phenomenological expression inspired by the microscopic shifts
[47] is used in the gRDF model of Ref. [48] for all clusters, instead than
the excluded volume effect. In this work, we do not attempt to make the
distinction between light and heavy clusters, and use the simple excluded-
volume shift for all clusters, similar to Ref. [25]. For a comparison between
the excluded volume mechanism and the gRDF prescription, see Ref. [48].
The extra in medium surface correction δEsurf reflects a possible modifi-
cation of the cluster surface tension due to the presence of an external nucleon
gas. Several authors effectively include this effect in the isospin dependence
of the surface tension [5, 49, 50]. However more complex dependencies on
both cluster size and composition and gas are observed in self-consistent
Thomas-Fermi calculations in beta-equilibrium matter [51, 52, 53]. Inspired
by these self-consistent calculations, simple analytic expressions are proposed
of an in-medium modification of the surface tension [54, 55]. In the context
of NSE models, an explicit correction depending both on the gas density
and on the temperature is introduced in the NSE model by Furusawa et al.
[27, 30, 31, 32]. Thorough investigation of this aspect is under work and will
be published elsewhere. As such, the approximation δEsurf ≈ 0 will be done
through this paper.
The Coulomb energy shift due to electron screening is treated in our
9
model, as frequently done in the literature, within the Wigner-Seitz approx-
imation,
δECoulomb = acfWSZ
2
r /A
1/3
r , (17)
with
fWS =
3
2
[
ne
n0p
]1/3
− 1
2
[
ne
n0p
]
, (18)
and the Coulomb parameter ac = 0.69.
For the energy functional of the clusters in vacuum, Evac, the following
choices are made. For nuclei for which experimental masses are known, the
AME2012 mass tables of Audi el al. [56] are used. Then, up to the drip
lines, evaluated masses of the 10-parameter model by Duflo and Zuker [57],
here after referred to as DZ10, are employed. Beyond drip lines, nuclear
binding energies are described according to the Liquid Drop Model (LDM)-
like parametrization of Ref. [58], which accounts for isospin effects in the
surface tension including the effect of extra neutrons in the neutron skin
[49]. This expression is modified in two respects. First, a phenomenologi-
cal pairing term, ∆(A) = ±12/√A, where +(−) corresponds to even-even
(odd-odd) nuclei, is added. Then, two correction terms are included such as
to smoothly match, for each isotopic chain, the liquid-drop predictions with
the limiting values of DZ10. Based on Hartree-Fock calculations liquid-drop
parameters are proposed in Ref. [58] for several dozens of Skyrme effective
interactions. For the sake of consistency of the energy functional, we use
the parametrization corresponding to the same effective interaction as the
one employed for describing the homogeneous gas, namely SLy4 [40]. In-
clusion of nuclei beyond drip-lines is motivated by the fact that, in medium,
other species than those existing in vacuum may exist [53] and accounting for
them might, in principle, modify the sharing of matter between clusterized
and homogeneous components as well as isotopic abundances. The allowed
mass range of clusters is 2 ≤ A ≤ 300. Note that, at low temperatures and
densities close to the transition to homogeneous matter, larger structures can
be formed if the allowed mass range is extended accordingly [27]. Their exis-
tence is nevertheless much dependent on the in-medium surface modification
of the energy functional and additional shape degrees of freedom, all of which
poorly known.
The bulk total n0 (proton n0p) cluster density is taken to be the total
(proton) number density of saturated nuclear matter of isospin asymmetry
δ = (1− 2n0p/n0) . It can be expressed [44] as a function of the saturation
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density of symmetric matter n0(0) by the equation,
n0(δ) = n0(0)
(
1− 3Lsymδ
2
Ksat +Ksymδ2
)
, (19)
where Lsym, Ksym andKsat represent the slope and curvature of the symmetry
energy Jsym and, respectively, the incompressibility of nuclear matter, all
calculated for symmetric saturated matter.
Due to skin effects, the bulk isospin asymmetry δ obviously differs from
the total isopin asymmetry, (1 − 2Zr/Ar). For the case of a nucleus in the
vacuum (where Zr = Ze, Ar = Ae), the following analytic expression has
been derived within the liquid drop model [59],
δ = δ0 =
1− 2Ze
Ae
+ 3ac
8Q
Z2e
A
5/3
e
1 + 9Jsym
4Q
1
A
1/3
e
, (20)
where contributions of the symmetry energy, surface stiffness and Coulomb
are readily identified in addition to the size dependence. Q represents the
surface stiffness coefficient. For the general case of a nucleus in a dilute
medium, of interest here, we employ the expression proposed in Ref. [44],
δ(ng, ngp) =
[
1− ng
n0(δ)
]
δ0(Ze, Ae) +
ng
n0(δ)
(
1− 2ngp
ng
)
. (21)
The entropy term includes both translational and internal degrees of free-
dom,
S(e) (Ar, Zr, ng, ngp) = lnV + ln cT (Ar, Zr) +
3
2
lnAe, (22)
where cT = gT (Ar, Zr)(mT/(2π~
2))3/2, m denotes the mass of a nucleon and
the internal state partition sum is:
gT (Ar, Zr) =
∑
i,discrete
(2Ji + 1) exp (−E∗/T )+
∫
(cont)
dE∗ρAr ,Zr(E
∗) exp (−E∗/T ) .
(23)
Different corrections must be applied to the cluster entropy in order to
avoid double counting with the gas states [60, 61, 62, 63, 64]. First, the
translation term must only be computed for the bound part Ae of the clus-
ter. Moreover, the gas states should be subtracted from the internal state
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partition sum. The simplest approach [60] consists in cutting the partition
sum at the nucleon separation energy, such as to exclude all continuum states.
This is a crude treatment, while a thermodynamically consistent subtraction
of the gas partition sum was proposed in Ref. [63, 64, 61, 62]. If the in-
teraction in the gas is neglected, the subtraction can be done analytically,
and it was shown in Refs. [61, 62] that the simple approach of Ref. [60]
underestimates the partition sum, which can be easily understood because
the resonant states are also cut in that procedure. However, an exact state
counting in the self-consistent mean-field approximation in the case of nuclei
beyond the dripline at zero temperature was presented in Ref. [44], show-
ing that the correct number of particles is obtained for the cluster if all the
continuum states are excluded, and the contribution of resonant states is
relatively small. Because of the complexity of the issue, in this work we stick
to the simplest procedure of cutting the internal energy partition sum at
the minimum between the average neutron and proton separation energies,
〈S〉 = min (〈Sn〉, 〈Sp〉).
The full list of low-lying resonances for nuclei with 4 ≤ A ≤ 10 has
been considered. For the level density ρ(Ar, Zr)(E
∗) we used the realistic
expression of Ref. [65], fitted on experimental data. For more details see
Ref. [1].
2.3. Thermodynamic quantities
The total and proton number densities are given by:
nB = ng +
1
V
∑
Ar ,Zr
Aen(Ar, Zr) (24)
YpnB = ngp +
1
V
∑
Ar,Zr
Zen(Ar, Zr). (25)
Clusterized phase pressure, entropy density and internal energy density
may be readily calculated from their thermodynamic definitions. The follow-
ing expressions are obtained for the pressure,
pcl = T
∂ lnZclβ,µn,µp
∂V
=
T
V
lnZclβ,µn,µp =
T
V
∑
Ar,Zr
n(Ar, Zr), (26)
entropy density,
scl =
1
V
∂(T lnZclβ,µn,µp)
∂T
12
=
1
V
∑
Ar ,Zr
n(Ar, Zr)
(
5
2
+ T
∂ ln gT (Ar, Zr)
∂T
+
Ee(Ar, Zr)− µn(Ae − Ze)− µpZe
T
)
,(27)
and internal energy density,
ecl =
1
V
∑
Ar ,Zr
n(Ar, Zr)
(
3
2
T + 〈E∗(Ar, Zr)〉+ Ee(Ar, Zr)
)
, (28)
where the average excitation energy of the cluster (A,Z) is,
〈E∗(Ar, Zr)〉 =
∫ S(Ar,Zr)
0
dE∗E∗ρAr ,Zr(E
∗) exp(−E∗/T )∫ S(Ar ,Zr)
0
dE∗ρAr,Zr(E
∗) exp(−E∗/T )
= T 2
∂ ln gT (Ar, Zr)
∂T
.
(29)
Baryonic pressure, entropy and energy densities are obtained by summing
up clusterized and homogeneous phases contributions,
pB = pcl + pg
sB = scl + sg
eB = scl + eg. (30)
Note that free volume corrections do not appear explicitly, as in Ref. [25],
as they have been already taken into account in the definition of e-clusters.
Total pressure, entropy and energy densities are obtained by adding to the
baryonic quantities the contributions of the electron (including contribution
of positrons) and photon gases. Analytic expressions for the electron gas
with temperature larger than 1 MeV and the photon gas are given in Ref.
[5]. Expressions for the electron gas at T . 1 MeV have been proposed in
Ref. [38]. The total values of the fundamental thermodynamic quantities
thus write,
pT = pB + pel + pγ −
∑
A,Z
n(A,Z)ac
Z2
2A1/3
[
nelA
n0(δ)Z
−
(
nelA
n0(δ)Z
)3]
,
sT = sB + sel + sγ ,
eT = eB + eel + eγ . (31)
We note the extra negative pressure term coming from the Coulomb lattice
and remind that lattice contribution to energy and entropy enters in eqs.
(28) and (27) via the Coulomb energy shift, eq. (17).
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2.4. Transition to homogeneous matter
At densities of the order of n0/2− 2n0/3 the nonuniform nuclear matter
phase is replaced by a uniform phase which persists up to several times
the value of symmetric saturated nuclear matter density. Physically this
transition occurs in order to minimize the system free energy. The exact value
of the transition density and the way in which it takes place, i.e. via phase
coexistence or not, depend on a number of issues as effective interactions,
shape degrees of freedom and in-medium surface modification of the energy
functional, which make the phenomenology strongly model dependent.
For the purpose of building an EoS database suitable for astrophysics
use, the details of the transition are less important than the thermodynamic
stability and consistency. As such, for fixed values of Yp and T the cluster-
ized phase is computed, as described in the above sections, up to maximum
density where the NSE procedure still converges, typically 4 · 10−2 − 9 · 10−2
fm−3. Homogeneous matter is supposed to onset, independently on tem-
perature and proton fraction, at nt = 10
−1 fm−3. For intermediate values of
density, chemical composition and thermodynamic observables are computed
by linear interpolation between the boundary values.
3. Results
EoS databases are usually delivered as three dimensional tables of baryon
number density, charge fraction and temperature. In order to emphasize the
transition from clusterized matter to homogeneous matter or in medium clus-
ter dissolution matter, composition and thermodynamic quantities are most
frequently plotted and discussed as a function of baryon number density at
fixed values of the charge fraction and temperature [25, 27, 33, 30, 31, 32, 34].
Evolution as a function of temperature when the values of baryon number
density and charge fraction are fixed is considered mainly when the focus is
put on the effects of in-medium interactions, as is the case of cluster mass
fractions from Ref. [35, 48]. As the whole body of literature shows, in
the sub-saturation domain and for moderate values of the charge fraction,
thermodynamic quantities bear little sensitivity to the employed effective
interactions, nuclear cluster definition, approximations (NSE vs SNA) and
degree of sophistication of the approaches. This is due to the fact that the
thermodynamic variables of a clusterised medium are largely determined by
the properties of nuclei in vacuum, which are relatively well known and upon
which all effective interactions have been fitted. The situation is different
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for matter composition. Effects of the cluster definition in terms of maxi-
mum size, isospin asymmetry and excitation energy, density dependence of
the symmetry energy, in-medium interactions of light nuclei [48], evolution
of shell effects far from stability [14] or temperature [31] etc. have been iden-
tified. Though systematic analyses are not available yet, these effects are
expected to influence the core collapse evolution via the neutrino opacity,
electron capture rates and energy dissipation of the shock wave.
Two representations are used in this work for investigating the results of
our NSE model. For general survey of global chemical and energetic behaviors
(subsections 3.1 and 3.2), we prefer plots as a function of charge fraction
for constant values of the two remaining grid parameters, T and nB. This
view offers technical advantages. First, it allows to straightforwardly see the
effect of Yp. Then, for sufficiently different values of T and nB, the curves are
outdistanced, which enhances the plots readability. When confronting our
results with those of other models in the literature (subsection 3.3) we prefer
the investigation as a function of baryonic number density when T and Yp are
fixed. Different thermodynamic conditions are considered: in subsections 3.1
and 3.2 we focus on T and nB-values under which the employed microphysics
hypothesis and approximations are well justified. In subsection 3.3 we focus
on states populated in proto-neutron stars and late stage evolution of core-
collapse, where the differences in microphysics treatments can be maximized.
3.1. Composition
Figs. 1 and 2 illustrate matter composition as a function of Yp for three
representative values of the baryon number density, nB = 10
−6, 10−4 and
2 · 10−2 fm−3 and four values of the temperature, T = 0.7, 1, 4 and 9 MeV.
Fig. 1 depicts the average neutron and proton numbers of clusters of
mass number A ≥ 20 (dubbed as ”heavy clusters” in the following) together
with the standard deviation of the proton number, σZheavy , and fraction of
mass bound in these nuclei, Xheavy =
∑
A≥20,Z An(A,Z)/nB. The standard
deviation of the neutron number, σNheavy , (not plotted) shows features similar
to those of σZheavy .
As one may notice, for all thermodynamic conditions under which they
are produced, heavy cluster population is determined by the competition
between neutron and proton magic numbers. At low densities and tempera-
tures (e.g. nB = 10
−6, 10−4 fm−3 and T=0.7, 1 MeV) most abundant nuclei
have neutron and proton numbers close to N = 8, 20, 28, 50 and, respectively,
Z = 8, 20, 28. The relatively small values of σZheavy . 5 are explained by the
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Figure 1: Average neutron (1st row panels) and proton (2nd row panels) numbers of
nuclei with A ≥ 20 as a function of proton fraction for fixed values of the baryon number
density and temperature, see legend. The 3rd and 4th row panels give, under the same
conditions, the standard deviation of the proton number, σZheavy , and, respectively, the
fraction of mass bound in these nuclei. N and Z magic numbers are marked on the 1st
and, respectively, 2nd row panels by horizontal dotted lines. The values are given at the
r.h.s. of the right Y-axis.
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Figure 2: Upper (lower) panels: neutron (deuteron) (thin lines) and proton (α-particle)
(thick lines) mass fraction as a function of proton fraction for fixed values of the baryon
number density and temperature, see legend.
small difference between the two most frequently competing Z-magic num-
bers, 20 and 28, and the dominance of one of the peaks. Given the increased
variety of competing N -magic numbers, slightly larger values characterize
σNheavy . As the density increases, much more numerous and massive clusters
are populated up to higher temperatures. Depending on thermodynamic
conditions, including the proton fraction, the abundance peaks are the result
of competition between a broad range of N and Z magic numbers: N =8, 20,
28, 50, 82, 126, 184 and Z=8, 20, 28, 50, 82, 114 (the last superheavy shell
closure N = 184, Z = 114 obviously depends on the mass model employed,
here DZ10 [57]). This feature explains the large values of both σZheavy and
σNheavy as well as their steep evolution with Yp. Nuclide abundances dom-
inated by magic numbers and, consequently, large values of the standard
deviation of heavy cluster mass distributions have been already signaled in
Ref. [27].
Whether heavy clusters bind a significant amount of matter or not de-
pends on thermodynamic conditions (bottom panel of Fig. 1): around isospin
symmetry and for the lowest values of temperature Xheavy exhausts a large
fraction of matter even at densities as low as 10−6 fm−3. On the contrary, at
high temperatures or in very neutron-rich matter practically no heavy cluster
exists.
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The mass fractions of neutrons, protons and the two most abundant light
clusters, d and 4He, are plotted in Fig. 2. The top panels of this figure give
mass fractions of unbound neutrons and protons. Both Xp and Xn show
strong sensitivities to T and nB. At high temperatures, unbound nucleons
exist over large domains of density and proton fraction and their abundances
monotonically increase (decrease) with Yp. At variance, at low T -values un-
bound neutrons (protons) exist only in neutron (proton)-rich matter. At the
highest density, the change of slope of the neutron fraction is due to the
abrupt appearance of the heavy clusters (see Fig.1 above), which are close to
isospin symmetry. d and 4He abundances, represented in the bottom panels
of Fig. 2, present a complex and non-trivial evolution with temperature,
baryonic number density and proton fraction. For the lowest considered den-
sity, nB = 10
−6 fm−3, 4He is produced only at the lowest temperatures. For
T = 0.7 MeV, 4He exists only in isospin symmetric matter and the associated
mass fraction barely exceeds 13%. The T = 1 MeV results show that, quite
interesting, 4He exists even in very asymmetric matter. Indeed, at Yp ≈ 0.1,
Xα ≈ 10% while values as high as Xα ≈ 80% are attained for Yp ≈ 0.5. For
the other two values of baryonic density, significant α-production occurs at
higher temperatures, e.g T=9 MeV for nB = 2 · 10−2 fm−3, extends over lim-
ited domains of Yp and gets maximized in symmetric matter. d-production
shows features qualitatively similar to those of α-production. Quantitatively,
higher densities and temperatures are required to produce d than α. One may
notice that, under specific thermodynamic conditions, the loosely bound d
may dominate over the strongly bound 4He, as already observed in previous
works [46, 47, 66, 67]. This is the case of T = 4 and 9 MeV and nB = 10
−4
fm−3 and T = 9 MeV and nB = 2 · 10−2 fm−3, irrespective the value of Yp.
As for α, for all considered nB and T -values, the mass fraction of the isospin
symmetric deuteron gets maximized in symmetric matter.
Population of d and 4He is further considered in Fig. 3 together with
that of other isotopes of H and He in terms of mass fraction as a function
of T , nB, Yp and baryonic entropy per baryon SB. The different contours
correspond to the mass fraction thresholds shown in the legend. We note that
by far the most abundant light cluster is 4He. Its mass fraction exceeds 70%
over considerable domains of baryonic density (10−12 . nB . 10
−4 fm−3)
and proton fraction (0.35 . Yp . 0.6) for temperatures up to a couple MeV
(0.3 . T . 2 MeV), which correspond to entropies per baryon ranging from
3 to 10. Mass fractions larger than 10% are obtained for 5He, 4H, 5H, 6H for
T & 2 MeV, nB & 10
−4 fm−3 over various domains of Yp, which correspond
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to few SB. As easy to anticipate, extreme neutron-rich nuclei (e.g.
5H , 6H)
are preferentially produced in neutron-rich environments (Yp . 0.3). Indeed,
as already observed in Ref. [1, 68], in very asymmetric matter and beta-
equilibrium matter at high density and temperature, heavy hydrogen and
helium isotopes strongly dominate over the isospin symmetric d and 4He.
3.2. Thermodynamic quantities
Baryonic and total pressure, entropy and energy per nucleon are shown
as a function of Yp in Figs. 4 and 5. The same thermodynamic conditions
as in Figs. 2 and 1 are considered. Note that the baryonic pressure already
includes the contribution of the Coulomb lattice. For the sake of convenience
the internal energy per nucleon is scaled and shifted by the nucleon mass.
The presently considered EoS model shows features similar to those of other
SNA and NSE models in the literature. Roughly speaking, two domains may
be identified based on the relative dominance of homogeneous or clusterized
matter. Whenever matter is mainly composed of free protons and neutrons,
e.g. low densities and/or high temperatures and/or extreme values of the
proton fraction, the baryonic pressure scales with density and temperature.
When, at the contrary, the thermodynamic conditions are such that an im-
portant amount of matter is bound in nuclei, the pressure decreases. Even
negative values may be reached, due to the Coulomb lattice. This behavior
is easy to understand considering the proportionality between the baryonic
pressure and the total multiplicity per unit volume, see eq. (26).
The baryonic entropy per nucleon shows a similar behavior. As expected,
it increases with increasing temperature and decreasing nB as more nucleons
and light clusters are populated, that is the effective number of degrees of
freedom increases. The most significant decrease of sB/nB arises in sym-
metric matter at low temperatures, where matter almost entirely consists
of almost isospin symmetric, and thus strongly bound, massive nuclei. For
low T -values, the high sensitivity of isotope population to the global proton
fraction, shown in Fig. 1, leads to a wobbling behavior of sB(Yp). At vari-
ance with this, dominance of nucleons and light clusters at high temperatures
makes sB independent on Yp.
The energy per baryon roughly replicates the T - and nB-dependencies of
sB/nB. This fact is easy to understand considering the similarity of Eqs. (28)
and (27) and can be summarized as follows. Dominance of heavy clusters,
that occurs at low temperature and/or Yp ≈ 0.5 and/or high densities, is
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Figure 4: Baryonic+lattice pressure (top), entropy per baryon (middle) and shifted energy
per baryon (bottom) as a function of proton fraction for fixed values of the baryonic number
density and temperature, see legend.
signaled by small or negative values of eB/(nBmn) − 1 while dominance of
nucleons and light clusters gives high values of the considered quantity.
Accounting for electron and photon contributions leads to a global in-
crease of the pressure, energy and entropy. This is shown in Fig. 5. We can
see that the highest effects concern the pressure and the internal energy per
baryon at high densities. With the addition of the electron and, to a less
extent, photon contributions, the total pressure is always positive meaning
that a baryonic matter which would be unstable if no leptons were present,
is stabilized by the presence of the electrons. This is the physical reason
behind the well-known quenching of the nuclear liquid-gas phase transition
in stellar matter [24]. The effect on eB/(nBmn) − 1 is less spectacular and
trivially due to the increase of electron energy with density.
Baryon and charge chemical potentials, equal by definition to the neutron
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chemical potential (µB = µn) and, respectively, the difference between proton
and neutron chemical potentials (µQ = µp − µn), are plotted in Fig. 6 after
subtracting the neutron mass and, in the case of µB, applying a constant
shift for better visibility. The same thermodynamic conditions as in Figs.
2-5 are considered. The monotonic decrease (increase) of µB (µQ) with Yp at
constant nB-values and the evolution of µB with respect to nB are trivially
due to the proportionality between one species chemical potential and its
density, in stable nuclear matter. The decrease of µB as a function of T recalls
the usual behavior of an ideal gas. On top of these expected behaviors, the
heavy clusters component is responsible for non trivial small scale variations
of µB and µQ.
3.3. Comparison with other NSE models for the EoS
3.3.1. General survey
As already mentioned, detailed microphysics input in NSE modelling, e.g.
the nuclear matter energy functional and the cluster definition in terms of
maximum baryonic number, isospin asymmetry and excitation energy, were
proven to have little impact on thermodynamic quantities such as pressure,
energy and entropy densities and chemical potentials. At variance, a certain
sensitivity was identified on the matter composition, namely the sharing
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between homogeneous and clusterized components, as well as the elemental
and isotopic abundances. Two examples in this sense are offered by the inner
crust of proto-neutron stars and the central element of the core during the
late stages of the collapse, when Yp-values as low as 0.1 are attained. In the
first case the temperatures are of the order of few MeV and the baryonic
number densities are around n0/2 − 2n0/3. In the later case, nB . n0 and
T ≈ 20 MeV. Under these circumstances, other nuclei than those existing
in the vacuum are expected to be produced, notably extremely neutron rich
nuclei, and even nuclei beyond drip-lines. Because of the lack of experimental
information on these exotic species, the predictions become strongly model
dependent.
In order to quantify the model dependence we compare the predictions of
the present model, which, in addition to AME2012 [56], employs the DZ10
[57] mass model prolonged, for larger isospin asymmetries, with a SLy4-based
LDM parametrization [58], and introduces a cut-off on the internal state den-
sity to avoid double counting with the nuclear gas (see 2.2), with those of
other two NSE models in literature. The first considered EoS model is HS
DD2 [25] which, in addition to a number of light species (d, t, 3He, 4He),
accounts for 8979 nuclei ranging from 16O to 339136 and extending from the
proton drip line to the neutron drip line. Binding energies are implemented
according to the Finite Range Droplet Model (FRDM) mass model [69]. The
second EoS model is FYSS [31]. It allows for nuclei far beyond drip lines
and nuclei whose proton number may reach values as high as 1000 units.
Binding energies are calculated via a LD-parametrization supplemented by
phenomenological (temperature-dependent) shell corrections and in-medium
modification of the surface energy. Concerning the unbound nucleon interac-
tions, these models employ RMF functionals, DD2 [47] (HS DD2) and TM1
[70] (FYSS). Both HS DD2 and FYSS are available on the CompOSE [2]
database.
The mass fractions of unbound neutrons and protons, scaled and shifted
baryon chemical potential, scaled charge chemical potential and total pres-
sure, energy and entropy per nucleon are displayed in Figs. 7 and 8 as a func-
tion of the baryonic number density for T = 2, 5, 10, 20 MeV and Yp = 0.1.
The mass sharing between nuclear clusters is not represented since the infor-
mation is not available for HS DD2 and FYSS. The neutron mass fraction
shows a strong sensitivity to the details of the models, especially at low tem-
peratures. For instance at T = 2 MeV and 5 · 10−3 fm−3 . nB . nt HS DD2
predicts between 44% and 86% and more neutrons than the present model.
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For T = 5 MeV, the difference amounts to 66% around nB = 3 · 10−2 fm−3.
The explanation relies in the much limited isospin asymmetry allowed for
clusters in HS DD2. The maximum dispersion among the different NSE
models concerning Xp is obtained at T = 10 MeV and 1 · 10−2 . nB . nt,
with a maximum ratio XHSDD2p /X
present
p ≈ 4. Concerning the neutrons, the
difference would be strongly reduced if we would count the extra neutrons
beyond the dripline in vacuum as free neutrons. Given their small values, the
differences in what concerns Xp are not expected to significantly influence
the electron capture rates and, thus, affect the collapse. The baryon and
charge chemical potential show different features: µb shows no sensitivity to
the details of the models while µq shows a certain sensitivity, especially at
the highest considered densities, where differences up to 50% are obtained.
Fig. 8 shows that the other three thermodynamic observables, p/nB, s/nB
and e/nBmn − 1, are mostly sensitive to microphysics input at 2 . T . 10
MeV and 10−3 fm−3 ≤ nB ≤ nt. The much more significant differences that
occur at densities higher than the transition density to homogeneous matter
are due to the different EoS and are not relevant for the NSE treatment.
3.3.2. Detailed chemical composition
Before the first extended NSE models were developed, less than ten years
ago, astrophysical simulations typically modeled the chemical composition
using the Saha equation, which neglects interactions among unbound nu-
cleons and between nucleons and nuclear clusters. At low densities, this is
certainly a very good approximation. At high densities excluded volume
effects become important but, along a core collapse trajectory, their effect
tends to be somehow limited by the increasing temperature, which favors the
production of lighter nuclei.
To quantify the effect of extended NSE, we compare in Fig. 9 the predic-
tions of the present EoS model with those of the Saha equation,
n(A,Z) = gT (A,Z)
(
MA,ZT
2π~2
)3/2
exp
[
(A− Z)µn + Zµp −M(A,Z) + δECoulomb
T
]
,
(32)
where M(A,Z) stands for the nuclear mass and the same clusters definition
has been employed. The thermodynamical conditions, nB = 6.1 · 10−3 fm−3,
Yp = 0.26 and T=3.25 MeV, correspond to the most compressed state of the
central element of mass 0.01M⊙ of a 25M⊙-progenitor, whose in-fall evolu-
tion was followed in Ref. [12]. The entropy per baryon equals ≈ 1.7. The
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mass distribution predicted by the Saha-equation presents the same features
as the NSE-distribution, including the multi-peak structure induced by shell
effects. Quantitative differences are nevertheless apparent: the most abun-
dant masses have multiplicities that might differ by one order of magnitude
when one switches from one model to the other and the ”valley” between to
peaks gets correspondingly reduced/enhanced, because of conservation laws.
As already discussed in Ref. [35], the differences among NSE model pre-
dictions essentially stem from the different fragment definition. To get extra
insight on the issue we consider here the effect of different assumptions made
on the maximum allowed excitation energy E∗max (i.e. the upper limit of the
sum/integral in Eq. (23)), and on the level density. Thermodynamic condi-
tions similar to those in Fig. 9 are considered. For nuclear binding energies
we use experimental data [56] and FRDM [71] predictions for 2 ≤ A ≤ 15
and, respectively, A ≥ 16. To keep the modelling as simple as possible, here
we restrict ourselves to the predictions of the Saha equation. The following
cases are investigated: (1) E∗max = min(Sn, Sp), as assumed in Ref. [1] and
in the present EoS model, and ρA,Z(E
∗) of Ref. [65], (2) E∗max = B(A,Z),
where B(A,Z) is the binding energy as in ref.[28], and ρA,Z(E
∗) of Ref. [65],
(3) E∗max = B(A,Z) and ρA,Z(E
∗) as in Eq. (3) of Ref. [25]. The results are
plotted in Fig. 10, together with the predictions (4) of the extended NSE
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Figure 9: Atomic mass number distribution for the last point in the in-fall evolution of a
25M⊙-progenitor considered in Ref. [12]. The thermodynamic conditions, mentioned on
the figure, correspond to the central element of mass 0.01M⊙. Predictions of the present
EoS model care confronted with those of the Saha equation.
(DD2-FRDM) model of Ref. [25], as available at [72]. Several observations
are in order. Allowing for high excitation energies washes out to a large
extent the staggering due to odd-even and shell structure effects, and also
favors heavy nuclei with higher state density. Different level density formulas
lead to different abundancies. Finally, the curves (3) and (4) compare Saha
and extended-NSE. In all cases, magic nuclei with Z = 28, N = 50 and
N = 82 lead to abundance peaks, though their heights prove very sensitive
to the working hypotheses.
4. Conclusions
In this paper we have presented extensive calculations of the composi-
tion of supernova matter and its thermodynamic properties, in the frame-
work of the extended NSE model of Ref. [1], whose main formalism is re-
called. The corresponding EoS database covers large intervals of temperature
0.3 ≤ T ≤ 50 MeV, baryonic density 10−12 ≤ nB ≤ 1.5 fm−3, and proton
fraction 0.01 ≤ Yp ≤ 0.6, with a discretization adapted for direct appli-
cations in supernova simulation. This database is provided in the form of
tables following the standards of the CompOSE database [2] (see the Ap-
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Figure 10: Proton (left) and neutron (right) number distributions of nuclei produced under
thermodynamic conditions similar to those of Fig. 9. Predictions of Saha equation (1-3)
corresponding to different nuclear cluster definition (see text) are confronted with those
(4) of Ref. [25]. In all cases experimental data and predictions of FRDM are used for
nuclear masses.
pendix). The present NSE-EoS database is complementary to the other,
already available, NSE-EoS databases on the CompOSE platform. Indeed
it is the first complete NSE table based on a non-relativistic Skyrme en-
ergy functional, and as such it can be used to quantify the effect of the EoS
model dependence on the supernova dynamics. A detailed comparison with
other available models shows that the most important differences among the
present modellings concern the treatment of the cluster functionals, and this
model dependence is more important than the one due to the value of the
EoS empirical parameters explored for instance in Ref. [13]. Some of the
different treatments can be easily justified. This is notably the case of the
nuclear pool considered in the probability distribution. The same is true for
the cluster functional, which must be sophisticated enough to include realis-
tic shell effects, which are the essential ingredient that determine the nuclear
distributions, and therefore the electron capture rates. Other differences
between the existing models are more subtle and concern the many-body
treatment inside the WS cell. In particular, the in-medium energy shifts of
the light clusters and the in-medium modification of the surface tension are
important and physically sound ingredients, which however are difficult to
implement consistently in a NSE model. As a consequence, different mod-
els use phenomenological parametrizations which contain a certain degree of
arbitrariness. This aspect deserves further progress for a model-independent
treatment of the microphysics of supernova dynamics.
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T nB Yp
number of points 120 140 59
minimum 0.3 MeV 10−12 fm−3 0.01
maximum 50.0 MeV 1.5 fm−3 0.60
Table 1: Domains of temperature, baryonic number density and charge fraction covered
by the present EoS database and the corresponding numbers of mash points.
5. Appendix: The CompOSE database
The CompOSE database, available in the public domain at http://compose.obspm.fr,
is a repository of EoSs for astrophysics purposes. Detailed thermodynamic
and composition data are provided in standardized formats as three dimen-
sional arrays as a function of T , nB and Yp. Mash points on these quantities
are specified in the eos.t, eos.nb, eos.yp files. The domains covered by the
presently discussed EoS model and the number of points are given in Table
1.
The thermodynamic quantities, stored in eos.thermo, are: pressure di-
vided by baryon number density p/nB [MeV], entropy per baryon s/nB,
scaled and shifted baryon chemical potential µB/mn−1, scaled charge chem-
ical potential µQ/mn, scaled electron chemical potential µel/mn, scaled and
shifted free energy per baryon f/(nBmn) − 1 and scaled and shifted energy
per baryon e/(nBmn)− 1. mn is the nucleon mass, specified in eos.thermo.
The composition data, stored in eos.compo, consists in the particle frac-
tions of neutrons (nn/nB) and protons (np/nB) together with those, n(A,Z)/nB,
of the at maximum 500 most probable nuclides whose multiplicity per unit
volume is not less than (flimYmax), where Ymax is the multiplicity per unit vol-
ume of the most abundant nucleus with A ≥ 2. For flim, over complementary
domains, two values are used: 10−5 and 10−8. Note that, because of excluded
volume effects, mass and charge conservation equation are expressed in terms
of e-clusters, as already specified in eqs. (25).
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